Transposons are mobile DNA elements that mediate genome rearrangements by inserting themselves within and between genomes. These elements are the main cause of numerous biological phenomena, including the emergence of insertion mutations that often lead to inactivation of gene function, the spread of antibiotic resistance genes among bacterial populations, and the integration of retroviruses into their host genome (5, 11, 33) . Recent findings also suggest that the immunoglobulin gene rearrangement machinery may be derived from an ancestral transposon system (1, 22) .
Transposons are indispensable tools in modern genetics. The original in vivo transposition-based strategies (for reviews, see references 4 and 25) paved the way for further in vitro transposition-based developments that utilize the mechanisms of a variety of transposable elements, including Tn10, Ty1, Tn5, Tn552, Mu, Tn7, and mariner (6, 9, 13, 14, 17, 19, 41) . Typical transposon applications include gene mapping and DNA sequencing strategies as well as insertion mutagenesis and functional genetic analysis methods (for recent microbial examples, see references 2, 10, 18, 20, 34, 36, and 38) . DNA transposition-based strategies have also been employed successfully in functional analyses of proteins (21) and studies on protein-DNA complexes (43) .
Bacteriophage Mu replicates its genome using DNA transposition machinery and is one of the best-characterized mobile genetic elements (8, 29) . Its transposition reaction consists of DNA cleavage and joining steps and occurs within higherorder protein-DNA complexes called transpososomes (12, 39) . While Mu transposition, both in vivo and with plasmid substrates in vitro, is complex and requires a variety of protein and DNA cofactors (8, 29) , a substantially simplified version of the reaction can be reproduced in vitro by altering reaction conditions and critical DNA substrates (12, 19, 32) .
In the simplest case, Mu transposition complexes can be assembled in vitro using MuA transposase protein and a transposon right-end (R-end) segment that includes two MuA binding sites. These complexes contain four molecules of MuA that synapse two molecules of the end segment (32) . Analogously, when two R-end sequences are located as terminal inverted repeats in a longer DNA molecule, transposition complexes form by synapsing the transposon ends (12, 19) (Fig. 1A) . The complexes remain inactive in the absence of metal ions but are activated for transposition chemistry upon addition of Mg 2ϩ . The majority of complexes subsequently execute two-ended transposon integration involving both transposon ends and generate a transposition DNA intermediate containing 5-nucleotide single-stranded regions flanking the transposon DNA. Within compatible cells (e.g., Escherichia coli), the intermediate can be repaired by host machinery, resulting in a 5-bp target site duplication that is a hallmark of Mu transposition (3, 12, 19, 24, 29) .
To date, Mu in vitro transposition-based strategies have been utilized for a variety of molecular biology applications, including DNA sequencing (20) , functional analysis of plasmid DNA and virus genome regions (19, 27) , analysis of proteins by pentapeptide scanning mutagenesis (40) , and generation of DNA constructs for gene targeting (42) . To extend the scope of Mu technology, we examined whether preformed Mu transposition complexes can be utilized as delivery vehicles for gene integration into bacterial genomes. Here, we report the assembly of integration-proficient Mu transposition complexes that, after introduction into bacterial cells by electroporation, execute transposon integration into bacterial chromosomes with high efficiency and fidelity, generating an accurate 5-bp target site duplication. This strategy may be applicable to a variety of organisms in which efficient genetic manipulation systems are lacking or difficult to exploit.
MATERIALS AND METHODS
Proteins, DNA techniques, DNA, and reagents. Restriction endonucleases and Vent DNA polymerase were from New England Biolabs. MuA transposase was from Finnzymes, Espoo, Finland. Plasmids and chromosomal DNAs of bacterial species were isolated with the Plasmid Minikit (Qiagen) and the Genomic Isolation Kit with 100/G tips (Qiagen), respectively. Standard DNA techniques were performed as described previously (30) , and enzymes were used according to suppliers' recommendations. DNA sequencing was performed using the Global Edition IR 2 System (LI-COR Inc., Lincoln, Nebr. (19, 32) . The control fragment (Cat) (Fig. 1B) was generated from Cat-Mu by BamHI digestion, eliminating the transposon ends. DNA fragments were purified using anion-exchange chromatography as described previously (20) . Plasmid pUC19 was from New England Biolabs. Control plasmid pBR322-Cm was generated from pBR322 (New England Biolabs) by Cat-Mu in vitro transposition. Kan-Mu sequencing primers were SeqA (5Ј-ATCAGCGGCCGCGATCC) and SeqB (5Ј-TTATTCGGTCGAAAAGGATCC). Cat-Mu sequencing primers were Muc1 (5Ј-GCTCTCCCCGTGGAGGTAAT) and SeqB. Bovine serum albumin (BSA) and heparin were from Sigma, [␣-
32 P]dCTP (1,000 to 3,000 Ci/mmol) was from Amersham, Ficoll 400 was from Pharmacia, and agarose (NuSieve 3:1) was from BioWhittaker Molecular Applications.
Bacterial strains. E. coli laboratory strains (cultured at 37°C) were MC1061 (28), DH10B (16), HB101 (7), and BL21 (37) . Salmonella enterica serovar Typhimurium LT2 strain SL5676 (26) (cultured at 28°C), Erwinia carotovora strain LMG2404 (ATCC 15713) (cultured at 28°C), and Yersinia enterocolitica serotype O:3 strain 6471/76-c (35) (cultured at 25°C) were obtained from A. M. Grahn (University of Helsinki), H. Saarilahti (University of Helsinki), and M. Skurnik (University of Turku), respectively. Electrocompetent cells. Electrocompetent cells were prepared similarly for all four bacterial species. An overnight culture grown in SOB medium (20 g of tryptone per liter, 5.0 g of yeast extract per liter, 0.584 g of NaCl per liter, and 0.186 g of KCl per liter, adjusted to pH 7.0 with NaOH) was diluted (1:1,000) in a total volume of 500 ml of SOB and grown to an optical density at 600 nm of 0.8. Cells were harvested by centrifugation at 5,000 rpm in a Sorvall GSA rotor at 4°C for 10 min. For washing, the cell pellet was resuspended in 500 ml of ice-cold 10% (vol/vol) glycerol and recentrifuged as described above for 15 min. The washing step was repeated. The pellet was subsequently resuspended in 10% glycerol (total volume, 2 ml). Cells were frozen as aliquots in liquid nitrogen and stored at Ϫ80°C until thawed for electroporation.
Transpososome assembly and electroporation. The standard in vitro transpososome assembly reaction mixture (20 l) contained 1.1 pmol of transposon DNA, 4.9 pmol of MuA, 150 mM of Tris-HCl (pH 6.0), 50% (vol/vol) glycerol, 0.025% (wt/vol) Triton X-100, 150 mM NaCl, and 0.1 mM EDTA. The reaction was carried out at 30°C for 2 h. To detect stable protein-DNA complexes, samples were electrophoresed (with buffer circulation) in 1ϫ Tris-acetate-EDTA buffer (30) for 2 h at 5.3 V/cm at 4°C on a native 2% agarose gel containing 87 g of BSA per ml and 87 g of heparin per ml. In this case, 0.2 volume of 25% Ficoll 400 was added to the samples for gel loading. However, to dissociate noncovalent protein-DNA complexes (see Fig. 2 , lanes 3 and 6), samples were loaded on the gel by addition of 0.2 volume of Ficoll-sodium dodecyl sulfate (SDS) solution (25% Ficoll 400, 2.5% SDS). The ethidium bromide-stained gel was photographed on Polaroid 665 film, and quantification from negatives was done using a Fluor-S MultiImager (Bio-Rad). For electroporation, the transpososome assembly reaction mixture was diluted (1:4 or more) with water. Individual aliquots (1 l) were electroporated into electrocompetent cells (25 l) using a Genepulser II (Bio-Rad) at the following settings: capacitance, 25 F; voltage, 1.8 kV; and resistance, 200 ⍀ (Bio-Rad 1-mm electrode spacing cuvettes). Following electroporation, 1 ml of SOC medium (30) per aliquot was added and bacteria were grown for 40 min. Subsequently, bacteria were spread onto Luria-Bertani agar plates (30) containing 10 g of chloramphenicol per ml or 25 g of kanamycin per ml for selection of Cat-Mu and Kan-Mu, respectively.
Determination of target site duplication. Chromosomal DNA of each antibiotic-resistant isolate was digested with PstI, generating a fragment with a transposon attached to its chromosomal DNA flanks. These fragments were then cloned into the PstI site of pUC19. DNA sequences of transposon borders were determined from these recombinant plasmids by using transposon-specific primers reading sequences outwards from within the transposon. Genomic locations were identified by using a BLAST search at National Center for Biotechnology Information servers.
Southern blotting. Genomic DNA, digested with PstI or NcoI, was electrophoresed on a 0.7% agarose gel and blotted onto a Hybond membrane (Amersham). Southern hybridization (30) was carried out with ␣-32 P-labeled (Random Primed; Roche) Cat-Mu as a probe.
RESULTS
In the absence of divalent metal ions, Mu transpososomes that assemble with precut transposon ends are stable but catalytically inert. The complexes withstand not only conventional (30) but also relatively harsh electrophoresis conditions and remain stable even when challenged with high concentrations of heparin embedded in an agarose gel (31, 32; this study). Therefore, it is conceivable that after electroporation into bacterial cells, these complexes remain functional and become activated for transposition chemistry upon encountering Mg 2ϩ ions within the cells, potentially facilitating transposon integration into host chromosomal DNA. This hypothesis was tested experimentally.
The assembly of Mu transpososomes was initially examined by incubating the MuA protein with the Cat-Mu transposon and analyzing the formation of stable protein-DNA complexes by agarose gel electrophoresis (Fig. 2) . The reaction with Cat-Mu transposon generated several bands of protein-DNA complexes (lane 5) that disappeared when the same sample (19, 32) . In the precut form, the transposon 3Ј ends (black dots) are exposed and readily available for the transposon integration reaction, also known as the strand transfer reaction (12, 19, 32) . (B) DNA substrates used in this study. (Table 1) . Accumulation of the complexes and their relationship to the capacity for colony formation was then examined in a time course experiment (Fig. 3) . Formation of the complexes correlated with the appearance of resistant colonies. Collectively, these results suggest that the detected complexes (or a fraction of them) are responsible for the appearance of resistant colo- Fig. 1B ) analyzed by agarose gel electrophoresis. Substrate DNA was incubated with or without MuA, and the reaction products were analyzed in the presence or absence of SDS. Samples were electrophoresed on a 2% agarose gel in Tris-acetate-EDTA buffer (30) containing 87 g of heparin per ml and 87 g of BSA per ml. Under these electrophoretic conditions, essentially all detectable complexes represent transpososomes (32) . C 1 and C 2 , transposition complexes whose migration is consistent with formation between the ends of a single transposon and with formation between the ends of two transposons, respectively. Complexes that exhibit slow electrophoretic mobility represent several transposons linked together via transposition complexes. C * , series of complexes whose migration is consistent with different topological forms of C 1 complexes. Tn, unreacted substrate DNA. Other laboratory strains of E. coli were tested for comparison with the above-described results ( Table 2 ). The competence status of each strain was evaluated in parallel by electroporation of a control plasmid. The most efficient strain, MC1061, produced approximately 10 6 antibiotic-resistant colonies/g of input transposon DNA (12 ng of DNA electroporated), while the least efficient strain, HB101, displayed an efficiency of less than 10 5 CFU/g of input transposon DNA. No colonies were detected in any of the corresponding control reaction mixtures for the E. coli strains (no added MuA protein, 12 ng of transposon DNA electroporated). However, control experiments in which greater amounts of transposon DNA (500 ng) were electroporated into these E. coli strains yielded detectable colonies, although with a low frequency (Ϸ10 1 CFU/g of DNA). These colonies most likely represent spontaneous resistance-generating mutations, or possibly recombination events involving a mechanism(s) other than DNA transposition, and were not studied further.
As might be expected, the capacity for colony formation correlated with the competence status of each strain. Furthermore, different batches of electrocompetent cells of a given strain exhibited variable capacities for colony formation that correlated with their competence status (data not shown). The assembled transpososomes were stable for several months when stored at Ϫ80°C, since no reduction in colony formation capacity was detected after prolonged storage (data not shown).
We next examined whether transposon DNA was inserted into the chromosomal DNA of Cm r clones and, moreover, the number of transposon copies present. Chromosomal DNAs from 17 potential transposon integration clones were isolated, digested with PstI (which does not cut the transposon sequence), and analyzed by Southern hybridization with a Cat-Mu transposon probe. Each isolate generated a single band with a discrete gel mobility (Fig. 4A) . A parallel analysis was performed using NcoI, which cleaves the transposon sequence once. Two bands of different gel mobility were generated for each isolate (Fig. 4B) . Control chromosomal DNA from the strain that we initially used for electroporation did not generate bands in the analyses. These data indicate that a single copy of transposon DNA was integrated into the chromosome of each isolate.
Genuine Mu transposition produces a 5-bp target site duplication flanking the integrated transposon (3, 19, 24) . To investigate whether the integration events detected were indeed caused by transposition, we determined the DNA sequences (see Materials and Methods) on both sides of the In each case, the integrated transposon was flanked by a target site duplication, thus confirming that integrations were generated by DNA transposition chemistry (Table 3) . The protocol was extended to other bacterial species ( Table  2) . The three additional species tested, S. enterica serovar Typhimurium, E. carotovora, and Y. enterocolitica, produced Cm r colonies at efficiencies comparable to those obtained with the E. coli strains. Control reactions lacking MuA produced no colonies. Similar to the E. coli studies, each clone that was analyzed from these bacterial species contained a target site duplication flanking the transposon DNA (Table 3) .
DISCUSSION
We developed a gene delivery methodology for bacterial cells that results in the integration of artificial transposons into the bacterial chromosome. The system is based on the in vitro assembly of the bacteriophage Mu DNA transposition complexes and their subsequent electroporation into bacterial cells (Fig. 1A) . The strategy utilizes mini-Mu transposons that contain a pair of MuA binding sites as inverted terminal repeats at each end (Fig. 1B) . Upon MuA binding, these sites promote the assembly of a tetrameric Mu transposition complex that functions as a molecular machine to splice the transposon into target DNA in a divalent metal ion (e.g., Mg 2ϩ )-dependent manner (12, 19, 32) .
The precut mini-Mu transposons used in this study have exposed 3Ј ends and contain several extra 5Ј-flanking nucleotides at each end. These features facilitate the formation of stable complexes that become activated for strand transfer after encountering Mg 2ϩ ions (31, 32) . Our data indicate that this activation also takes place within bacterial cells after electroporation. We obtained up to Ϸ10
6 integrants/g of input transposon DNA with standard E. coli strains used for highefficiency plasmid transformation. In general, the efficiency of integration per microgram of input transposon DNA was about three orders of magnitude lower than the plasmid electroporation efficiency. The competence status of electrocompetent cells was a major variable affecting integration frequency, and consistent differences were observed both between bacterial strains and between different batches of a particular strain.
Importantly, mini-Mu transposon insertions are stable in cells that do not express MuA. However, at least in E. coli cells, it is likely that the inserted transposons can be further mobilized by expressing MuA (e.g., using plasmid expression systems).
We were able to detect only a limited number of antibioticresistant colonies when the transposon DNA was electroporated alone (with no added MuA) into the E. coli strains used in this study. Furthermore, similar control experiments for the other bacterial species studied produced no resistant colonies (Table 2) . These results were not unexpected and are consistent with the general assumption that the bacterial species tested do not contain an efficient machinery for the recombination of incoming nonhomologous DNA.
Transposons represent the mutagenesis system of choice for genetic studies that require gene inactivation. They provide primer binding sites that can be used to retrieve DNA se- 
a Nucleotides that were difficult to interpret in the sequencing analysis are indicated by hyphens. Target site duplications are in boldface capital letters. b Compared to the genomic sequences shown, the transcription from the transposon proceeds from left to right (ϩ) or from right to left (Ϫ). c Genetic locations of E. coli insertions were determined by comparison to the K-12 strain MG1655 complete genome (GenBank accession numbers AE000111 to AE000510).
quence information flanking the transposon insertion site, thereby allowing direct access to a particular gene of interest. Thus, the approach described here for the efficient mutagenesis of various bacterial genomes should facilitate molecular analyses of diverse biological processes. While it is clear that different mutants may be analyzed separately, an opportunity for the development of remarkably efficient strategies lies in the analysis of pools of insertion mutants. For example, recently developed bacterial genomic footprinting techniques (2, 44) may be directly applicable to Mu-generated mutant banks.
We have established that DNA transposition complexes assembled with artificial mini-Mu transposons can be introduced into bacterial cells, whereby transposons become integrated into the genome. Since the molecular machinery functioned well also when complexes were introduced into cells other than those of E. coli (the natural host of phage Mu), we conclude that Mu integration in these cases occurred without the aid of E. coli host proteins. This is in contrast to standard Mu DNA transposition in vivo, which involves a number of protein and DNA cofactors (8, 29) . However, our results are not entirely unexpected given that the cofactors involved in standard Mu DNA transposition are required specifically for steps leading to transposition complex formation and are not essential thereafter. We have yet to define the upper limit for the length of mini-Mu transposons that can be utilized for efficient chromosomal integration. To date, the longest transposons utilized by our group in standard in vitro transposition experiments (into plasmid targets) are 6.8 kb in length. These transposons function almost as efficiently as 1-to 2-kb transposons, and thus it is probable that they function in chromosomal integration as well.
The present study describes mini-Mu transposon integration events in gram-negative bacteria. However, since the transposition machinery is fully functional on encounter with DNA and Mg 2ϩ ions, in principle the strategy could also be applicable to gram-positive bacteria and perhaps to some eukaryotic organisms (such as yeast) as well. While host-encoded restriction systems may create an impediment to efficient functioning of the system in some organisms, this problem may be circumvented by custom designing transposons that do not contain critical recognition sites or by using mini-Mu transposons isolated from a compatible bacterial strain. Host proteases in some organisms may cause additional problems by destroying incoming transpososomes prior to chromosomal integration. However, given the success of our approach in different bacteria, it may be that transpososome function is activated immediately upon binding of divalent metal ions within the cell. Thus, the subsequent series of reactions may actually occur very rapidly, thereby preventing proteases from locating and destroying transpososomes inside cells prior to integration.
Thus far, a strategy similar to that presented here for Mu has been described only for Tn 5-derived minitransposons (15, 23) . Nevertheless, since a common DNA transposition mechanism is shared among a variety of mobile elements (11) , it is likely that other in vitro DNA transposition systems, such as Tn10, Ty1, Tn552, Tn7, and mariner (6, 9, 13, 17, 41) , may also be utilized analogously.
